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[57] ABSTRACT

Entry of *C-enriched acetyl-CoA into the citric acid cycle
results in scrambling of '>C into the various carbon positions
of all intermediate pools. The eventual result is that the *°C
resonances of all detectable intermediates or molecules
exchanging with those intermediates appear as multiplets
due to nearest neighbor spin-spin couplings. Isotopomer
analysis of the glutamate '>C multiplets provides a history of
°C flow through the cycle pools. Relative substrate utili-
zation and relative anaplerotic flux can be quantitated. A
major limitation of the method for in vivo applications is
spectral resolution of multi-line resonances required for a
complete isotopomer analysis. It 1S now shown that
(**C)homonuclear decoupling of the glutamate C3 reso-
nance collapses nine-line C4 and C2 resonances into three
line multiplets. These three-line '*C multiplets are well
resolved in isolated, perfused rat hearts and present steady-
state equations which allow an isotopomer analysis from
data obtained in intact tissue. This advancement shows ior
the first time that *>C isotopomer methods may be extended
to complex metabolic conditions for resolution of carbon-
carbon coupling, and particularly to in vivo measurements.

12 Claims, 7 Drawing Sheets
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C ISOTOPOMER ANALYSES IN INTACT
TISSUE USING (**C) HOMONUCLEAR
DECOUPLING

The United States Government has certain rights 1n the
present invention pursuant to the terms of Grant No. HL
34557 awarded by the National Institutes of Health and a
Merit Review and Career Development award from the
Department of Veteran’s Affairs.

This application is a continuation of application Ser. No.
08/220,102, filed Mar. 30, 1994, now abandoned, which i1s a
continuation-in-part application of U.S. patent application
Ser. No. O7\555,270 filed Jul. 18, 1990, U.S. Pat. No.
5,413,917, the entire text of which is herein incorporated by
reference and without disclaimer.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is concerned with methods of
determining substrate utilization in living tissue. More par-
ticularly, the methods employ NMR isotopomer analysis of
>C-labeled substrate spectra obtained from the tissue,
allowing a rapid, single measurement under nonsteady state
conditions of substrate utilization which may be used to
assess tissue damage. The analysis utilizes a homonuclear
decoupling method of spectrum simplification providing
collapse of a multiplet to allow precise determination of
peak areas.

2. Description of Related Art

The relative rates of utilization of various exogenous
and/or endogenous substrates in normal cells and tissues
may be sensitive to many factors including cellular work
rate, physiologic state, drugs, toxins, hormones, and the like.
Substrate utilization may also be sensitive to disease states
such as ischemia, infection, inflammation, trauma, congeni-
tal defects in metabolism, acquired defects in metabolism, or
during malignant transformations such as cancer. Thus,
precise quantitation of substrate utilization could have broad
application since it may provide insight into the integrated
functional state and viability of cells or a tissue.

Acetyl Coenzyme A (acetyl-CoA) is a key intermediate in
cellular biochemistry. It is oxidized in the citric acid cycle
for the production of energy, and it is a precursor in mutfiple
biosynthetic processes. Acetyl-CoA may be derived frown
numerous compounds, each of which must be metabolized
through different pathways subject to complex and interact-
ing regulatory processes. Thus, the relative contribution of
one or more substrates 1o acetyl-CoA refiects cellular meta-
bolic state. Since this measurement is so important for the
understanding of tissue metabolism, it has been the objective
of numerous studies in many cellular preparations and
tissues, particularly heart tissue (more recent citations
include, for example, Jue, et al., 1987; Avison, et al., 1988;
Bottomley, et al., 1989; Heershap, et al., 1990; Shuhnan, et
al., 1990; Rothman, et al., 1991; and Magnusson, et al.,
1992).

The measurement of the contribution of a compound to
acetyl-CoA ordinarily requires an estimate of the rate of
acetyl-CoA utilization, typically from oxygen consumption,
and the rate of substrate utilization under steady-state con-
ditions. The latter usually is measured by the rate of appear-
ance of '*CO, from a '“C-enriched substrate, the rate of
removal of substrate from the perfusion medium, or multi-
exponential analysis of ''C time-activity curves in tissues
utilizing ''C-enriched substrates.
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However, substrate and oxygen removal are difficult to
measure under some important conditions, and metabolic
and 1sotopic steady-state ofien cannot be assured. kFurther,
since pyruvate may be metabolized by either pyruvate
dehydrogenase or through a pyruvate carboxylation path-

4 14 :

way, the appearance of ~“CO, from ~C-enriched pyruvate
(or its precursors) indicates net substrate oxidation only if
the carbon skeleton enters the citric acid cycle via pyruvate
dehydrogenase. Similarly, **CQO, release from fatty acids is
an unreliable measure of this oxidation (Chatzidakis and
Otto, 1987; Veerkamp, et al., 1986). Thus, standard methods
for assessing substrate competition and oxidation are often
not satisfactory for rapidly changing or spatially heteroge-
neous metabolic states, or if more than one pathway 1is
available for carbon flow into the citric acid cycle.

In spite of these limitations on traditional methods, there
is substantial interest in the measurement of substrate oxi-

dation for the assessment of tissue metabolism and viability.
For example, position emission tomography (PET) has been
used to examine regional myocardial metabolism during
ischemic and other states. However, the interpretation of
some PET observations is controversial, for example, fatty
acid oxidation in ischemic reperfused myocardium. PET
studies generally have concluded that fatty acid oxidation 1s
suppressed, but other reports have not validated this finding
(Mickel, et al., 1986; Myears, et al., 1987: Liedke, et al.,,
1988; Wyns, et al., 1989: Lerch, et al., 1981; Schwaiger, et
al., 1985). PET is fundamentally limited by the lack of
knowledge of the chemical state of the tracer. For example,
a compound may enter a cell where it may be trapped and
stored, metabolized to acetyl-CoA and oxidized, or it may
remain in the cell briefly and then diffuse out, unchanged.

Numerous assumptions regarding the metabolic fate of a
fracer are therefore required.

For these reasons, some recent PET studies have empha-
sized the utilization of a very simple compound, acetate,
which is not subject to many of the complex physiological
processes which regulate normal metabolism (Brown, et al.,
1987). Analysis of the results 1s thereby simplified, but
acetate is not a physiological substrate. Biochemical and
physiological studies using ''C are also limited by the
problem of working with a radioactive element with a very
short half-life. Thus, a nearby cyclotron is essential, and
rapid chemical synthesis is required. The study of some
molecules or certain labeling patterns 1s stmply not practical.

The analogous use of '°C enriched substrates to monitor
intermediary metabolism has been established (London,
1988). Multiple enriched intermediates of the citric acid
cycle may be detected by NMR spectroscopy (London,
1988; Walker, et al., 1982; Chance, et al., 1983: Cohen,
1983; Walker and London, 1987; Malloy, et al., 1990A). It
has been shown that citric acid cycle flux may be determined
if the fractional enrichments in intermediates are measured
repeatedly after the addition of enriched substrate (Chance,
et al., 1983). This method, however, assumes steady-state
flux conditions, constant intermediate pool sizes, and good
temporal resolution. Although collection of in vivo data is
theoretically possible, the method depends on measurement
of fractional enrichment in glutamate and other intermedi-

ates, a requirement which may be difficult to meet under
many important conditions.

An alternative to the measurement of absolute citric acid
cycle flux is the measurement of the relative rates of
competing pathways feeding acetyl-CoA. This approach has
been reported previously. In some instances, metabolic and
isotopic steady-state were assumed for the purposes of data
analysis and these conditions were established experimen-
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tally (Malloy, et al., 1988, 1990A; Sherry, et al., 1988).
Other reports indicated that insight into the pathways feed-
ing acetyl-CoA could be obtained by *>C NMR spectroscopy
(Cohen, 1983; Walker and London, 1987). Finally, recent
reports describe how to measure the ratio of the contribution
of two labeled substrates to acetyl-CoA under nonsteady-
state conditions (Malloy, 1990B, 1990C; Sherry, et al.,
1992). Up to three labeled substances can be analyzed and
the fraction of unlabeled acetyl CoA can be determined by
a non steady state analysis (Malloy, et al., 1990B).

>C NMR is useful for the monitoring of metabolism of
**C labeled compounds in experimental animals and
humans. However, there are three important factors limiting
study of substrate utilization in vivo. First, there is the
consideration of expense. Significant amounts of relatively
expensive labeled compounds make it difficult to maintain a
constant concentration in the blood for the time required to
attain 1sotopic steady-state. Second, many conditions of
mterest may involve rapidly changing metabolic conditions,
and metabolic state cannot be assumed. Finally, an isoto-
pomer analysis applicable in vivo to determine *C contri-
butions to the carbon skeleton of citric acid cycle compo-
nents has been applied only when B, homogeneity was
sufficient to allow resolution of °C-'°C scalar coupling.
This condition of homogeneity does not occur under the
circumstances of many in vivo measurements.

*3C in labeled compounds can be detected in humans. The
most widely examined pathways in humans to date have
been those involving either storage of glucose or mobiliza-
tion of glycogen. The C 1 resonance of glycogen has been
detected by numerous groups in both human liver and
muscle. The rate of net hepatic glycogenolysis in fasted
humans has been determined by monitoring the time depen-
dent signal of natural abundance glycogen. This in combi-
nation with glucose production rates measured by turnover
of [6-°H]glucose, has allowed an estimate of gluconeogenic
rates in normal controls and in patients with type II diabetes
mellitus. [1-"°C]glucose levels in human brain have also
been quantitated to yield an estimate of glucose transport
rates. Some metabolic end-products of [1-'°C]glucose have
also been detected in human brain and incorporation of '*C
~into [4-"*C]glutamate has been used to estimate citric acid
cycle flux.

Thus *°C from labeled isotopes can be detected in vivo
and 1sotopomer methods provide substantial information.
Although the isotopomer method would be of most practical
value for in vivo applications, it has until now not yet been
successfully applied, largely because of difficulties in resolv-
ing those multiplets in spectra obtained from intact tissue.
There is thus a need to develop methods for quantitative
substrate selection in intact.tissue in the whole, live animal.
This would be of particular benefit in recent heart attac
patients to determine damaging effects of ischemia. Simi-
larly, analyses of tissue damage for stroke and brain injured
patients could be obtained rapidly and efficiently with a

single measurement.

SUMMARY OF THE INVENTION

The present invention addresses the foregoing and other
problems by providing means of determining substrate uti-
l1ization 1n actively metabolizing tissues, and in particular as
showing that ['“Clhomonuclear decoupling may be
employed to simplify in vivo '°C spectra. The inventors
have illustrated the method with spectra of [**Clhomo-
nuclear decoupled perfused rat hearts by quantitation of
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substrate selection in intact tissue. Specifically, the inventors
have shown that homonuclear decoupling methods resolve
'*C NMR multiplets obtained from perfused, beating hearts.
The method is applicable for analysis of substrate oxidation
in the liver which may be sensitive to numerous disorders
and the effects of xenobiotics. -

The present invention has also addressed the problem of
nonsteady-state conditions and field homogeneity require-
ents. It 1s shown that the contribution of one or more
exogenously administered '*C-labeled substrates to acetyl
CoA can be determined in a tissue or cell using *C NMR
without the constraint of metabolic or isotopic steady-state.
With the development of homonuclear decoupling applied to
*°C spectra, the method permits such determinations of
substrate utilization even when spectral lines are broad due
to B, inhomogeneity, an important advancement which has
paved the way for substrate utilization studies in vivo. The
method does not require many of the simplifying assump-
tions involved in ''C or *C methods, and, since a stable
isotope, '°C, is used, a wide variety of compounds with
complex labeling patterns may be synthesized and studied.

The 1nventors have solved two major problems that arise
in attempting to make measurements relating to substrate
utilization, First, it has been discovered that one may admin-
ister °C labeled substrates and then measure a single
spectrum before steady-state metabolic or isotopic steady-
state has been achieved. For in vitro determinations, the
measurement need be made only on a single tissue sample
so that 1n human patients there is decreased stress from not
having to obtain multiple tissue samples. Measurement is
made shortly after the administration of labeled substrate,
eliminating need for infusion or perfusion of large quantities
of substrate. This may make a significant difference in cost.

Secondly, the inventors have shown that a homonuclear
decoupling method may be employed in cases where a
single '*C NMR spectrum is insufficiently resolved to obtain
accurate data to determine substrate utilization. This is
frequently encountered in in vivo determinations, as for
example where the particular >C multiplet peaks required
for analysis are unresolved and therefore do not allow
determination of critical ratios. The inventors found this a
consistent problem in spectra obtained from perfused, beat-
ing hearts. The problem was solved by using the homo-
nuclear decoupling methods disclosed herein.

Proceeding from the discovery that accurate substrate
utilization may be obtained from a single NMR measure-
ment under nonsteady state conditions, the inventors have
shown that [*CJhomonuclear decoupling simplifies the C
MRS spectrum of intact hearts utilizing mixtures of 3C
enriched substrates without significant loss of the metabolic
information contained within the glutamate *C multiplet
resonances. Decoupling of glutamate C3 collapses the nor-
mally nine-line glutamate C2 and C4 multiplets into three
lines, with a separation of 52 Hz between the outer reso-
nances. The resulting singlet and doublet resonances is well
enough resolved in intact, perfused rat hearts to allow
quantitation of their relative areas (FIGS. 4B and SA). This
offers for the first time the opportunity of performing a !3C
1sotopomer analysis in vivo.

The inventors have developed steady-state equations
which relate the areas of C2S' and C4S' and the total C4/C2
area ratio in a [C3}homonuclear decoupled spectrum of
glutamate to the fractional enrichment levels of singly (F )
and doubly (F ) enriched acetyl-CoA entering the citric acid
cycle plus y, the ratio of anaplerotic to citric acid cycle flux.
These parameters agree well with results obtained from a
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complete steady-state analysis of extract spectra. The C4SY/
C4D' ratio directly reports relative substrate utilization and
1s not affected by changing pool sizes, anaplerosis, or
nonsteady-state metabolic or isotopic conditions. This
makes the method extremely attractive for in vivo applica-
tions where steady-state conditions cannot always be
assured. Another obvious advantage of the method is that
[**Clhomonuclear decoupling of glutamate C3 increases the
signal-to-noise in the C2 and C4 resonances (see FIGS. 1B,
3A and 4A) thereby allowing excellent temporal resolution
of data such as that shown in FIG. SA.

Measurements are conveniently made using nuclear mag-
netic resonance. This 1s a powertul technigue and at present
is the method of choice for determining isotope distribution.
3C NMR measurements are typically performed by deter-
mining total resonance areas attributed to the different
carbon atoms of the molecules selected for measurements
and the muliiplets within each resonance. Appropriate cor-
rections for nuclear Overhauser effects and °C-'>C inter-
actions which affect T, may be required. The method 1s not
limited to the administration of a single °C-labeled sub-
strate; in fact, the inventors have administered up to three
13C-labeled compounds. To determine utilization of a single
3C-labeled compound, resonance areas of a multiplet of
carbon C4 and a resonance area ratio of carbons C4 and C3.
For two '°C-labeled substrates, the *°C NMR resonance
arcas of two multiplets of carbon C4 and resonance area
ratios of carbon C3 to C4 are measured. Under some
conditions the ratio of C5 to C4 must be measured. Substrate
utilization for three administered '*C-labeled compounds
involves measuring ~C NMR resonance areas of two mul-

tiplets of carbon C4 and a resonance area ratios of carbon C3
to C4 and C5 to C4.

Position of >C-labeling in the administered compound
determines the position of the °C in the skeleton of the
compound which is a component of the citric acid cycle. All
compounds entering the citric acid cycle through acetyl-CoA
will show labels in the skeletal 3 and 4 positions of com-
ponents of the citric acid cycle when the acetyl-CoA 1is
labeled in the number 2 position of the acetate group. If the
acetyl carbon 1 position is labeled with °C, an enrichment
in the C5 position of the skeletal components of the citric
acid cycle will be observed. When the carbon C3 position 1s
enriched, °C NMR measurements will include measuring
multiplets in the '>C NMR resonance of the C5 carbon. As
discussed, it may be necessary to make corrections for the
effects of *C-'°C dipolar interactions on T, and nuclear
Overhauser eifects under these conditions.

The methods of the present invention allow one to rapidly
and conveniently obtain substrate utilization, either 1n tissue
samples or directly in vivo. As typically practiced, the
invention involves using at least one labeled carbon com-
pound having carbons which are capable of entering the
citric acid cycle, administering the compound in vitro or in
vivo to cells or a tissue having citric acid cycle capacity, and
then measuring the enrichment pattern in a citric acid cycle
component or in the carbons of a compound that exchange
with the citric acid cycle. A particular advantage is that
measurements are made prior to achievement of steady-state
isotopic carbon distribution; consequently, measurements
1ay often be made as early as a few minutes after a labeled
substrate is supplied to the cell or tissue. For in vivo
measurements, some labeled compounds may require
administration over longer periods, €.g. , 30 min or so, after
which a spectrum may be taken.

After the labeled compound has been administered, the
enrichment pattern in one or more products 1s measured. The
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measurement 1s performed on a compound within the citric
acid cycle or on a compound that can exchange carbon
atoms into the citric acid cycle. The compound which 1s used
for the determination of labeling patterns must preserve the
distribution of carbon label in C3, C4 and C5 of a-ketoglu-
tarate. In many cases, the most convenient compound for
making labeled carbon measurements 1s glutamate.
Glutamate is in rapid equilibrium with o-ketoglutarate of
citric acid cycle. However, in practice, any equivalent com-
ponent of the citric acid could be used, including denvatives
of citrate, isocitrate, cis-aconitate, o-ketoglutarate,
clutamine, y-aminobutyric acid and the like.

The '°C labeling pattern in the substrate is selected by the
operator after considering the labeling pattern in acetyl CoA
after the substrate is metabolized through known biochemi-
cal pathways. Table 1 illustrates the fiexibility of the method
and shows the expected labeling pattern in acetyl CoA
depending on the number of substrates to be investigated.

Number of
Labeled  Labeling Pattern in Example of Labeled
/Substrates  Acetyl-CoA Substrate
1 [2-1°C] acetyl-CoA [3-1C] pyruvate
or or
1,2- 13C) acetyl-CoA 2,3-13C] pyruvate
2 2-13C] acetyl-CoA. and 3-1°C] pyruvate and
11,2-13C] acetyl-CoA U-'3C] glucose
or
[1,2-*3C] acetyl-CoA and  [2,3-'°C] pyruvate and
[1-1°C} acetyl-CoA [1-1°C] acetate
or
[2-13C] acetyl-CoA and [3-**C] pyruvate and
[1-*°C] acetyl-CoA [1-1°C) acetate
3 1-13C} acetyl-CoA and [2-3C] pyruvate and
1,2-13C} acetyl-CoA and  [U-'°C] fatty acid

and [1-'*C] elucose
[2-°C] acetyl-CoA

Examples of suitable substrates include acetate, lactate,
pyruvate, glucose and other sugars, alanine and other amino
acids, ethanol, acetoacetate and other ketone bodies, and
short, medium or long chain fatty acids. Alternatively, the
labeled carbon may enter the citric acid cycle through
intermediates other than acetyl CoA such as the case of
propionate oxidation, an anaplerotic reaction (Kornberg,
1966; Sherry, et al., 1988). However, it 1s essential that the
labeled carbon eventually reach acetyl-CoA in order that the
C4 and/or CS of citrate become enriched. A third group of
labeled compounds may already be members of the citric
acid cycle such as citrate, isocitrate, cis-aconitate or o-ke-
toglutarate. In this case the method enables the effective
contribution of that compound to acetyl-CoA.

There are numerous e¢xampies of applications of the
disclosed methods, 1n both in vitro and 1n vivo measure-
ments. Measurements of substrate utilization in the heart and
brain are of particular importance in view of the prevalence
of heart disease and stroke 1n modern populations.

Assessment of brain metabolic state will likely most
conveniently be done by administering '°C-labeled glucose
would to the brain. This could be done in a variety of ways,
including appropriate administration of the **C-labeled glu-
cose as by intravenous injection. A °C NMR measurement
would be performed on the brain after the tissue had been
exposed to the °C-labeled glucose. The time of exposure
naturally would depend on the nature of the determination
and conditions, but would generally be performed shortly
after administering the '°C-labeled glucose. It is one of the
unique aspects of this invention that measurement may be
made before metabolic or isotopic steady-state 1s attained.
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Another 1mportant use of this method is the in vivo
determination of regional variations in substrate utilization
of 1schemic tissue. This involves the steps of administering
a '°C-labeled compound and then performing a *C NMR
measurement on the tissue sample after the tissue has been
exposed to the compound. As discussed, the measurement
may be performed before metabolic and isotopomeric
steady-state has been achieved. Regional substrate utiliza-
tion can be determined, a method which would be particu-
larly useful in determining tissue damage after heart attacks
in experimental animals or human patients.

Many other applications using the method of the present
invention are envisioned. These include metabolism studies
In biopsied tissue, integration with NMR imaging methods,
imaging substrate utilization, analysis of consequences of
genetic engineering and cellular identification through meta-
bolic fingerprinting.

In determining metabolism in biopsied tissues, one to
three '°C-enriched substrates may be infused into an animal
or human for diagnostic purposes. The tissue of interest such
as an abnormal mass could be biopsied surgically using
standard procedures, or studied directly in vivo by NMR
measurement taken on a subject placed in the NMR spec-
trometer. The biopsied sample is then extracted using stan-
dard methods, studied by NMR or other techniques and
analyzed using the described method.

Construction of images based on spatially resolved spec-
troscopic data is also well known to those skilled in the art.
For example, current methods allow the acquisition of 3!P
NMR spectra from multiple volumes in the human brain,
heart and other organs. These spectra may be presented as
images of information selectively derived from the >*PNMR
spectrum, such as an image of phosphocreatine concentra-
tion. In a similar manner, the acquisition of the spectra
described herein and application of the analysis would allow
construction of quantitative images of substrate utilization in
animals and humans.

The genome of a cell line or tissue may be modified using
current methods of genetic engineering. These modifications
may have specific and anticipated consequences (for
example, reduced activity of an enzyme) or extensive and
unexpected consequences for intermediary metabolism. This
method would provide a very simple and convenient tech-
nique to prove that the expected effects of genetic engineer-
ing have occurred, to investigate the overall consequences
for cellular metabolism, or to look for unanticipated conse-
quences of the intervention.

Metabolic fingerprinting is yet another variation of the
present invention. Cell lines or cultures of prokaryotes such
as bacteria or eukaryotes such as yeast or tumor cells have
variable requirements for exogenous substrate. The patterns
of substrate utilization when multiple substrates are avail-
able may be characteristic of a particular cell line. One may
provide one to three labeled compounds to the cells. The
compounds should be judiciously selected to probe specific
pathways; for example, transamination, activity of pyruvate
dehydrogenase, activity of beta oxidation, activity of gly-
“colysis and similar activities. NMR obtained in vivo or from
tissue extracts is then subjected to the analysis of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show a '>C MRS spectra of the extract
of a rat heart perfused with 1 mM [3-°>C]lactate and 0.25
mM][1,2-'°Clacetate. FIG. 1A is a normal '3C spectrum.
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FIG. 1B is a [C3Jhomonuclear decoupled **>C spectrum. The
scheme at the right in each of FIGS. 1A and 1B illustrates
that C45+C4D34 in the coupled spectrum collapse to C4S'

while C4D45+C4Q collapse to C4D' upon homonuclear
decoupling of glutamate C3.

FIG. 2 shows a comparison of glutamate multiplet areas
obtained with and without homonuclear decoupling of
glutamate C3. The plot shows the ratio, (C4S+C4D34)/
(C4D45+C4Q), obtained from high resolution spectra of six
different heart extracts versus the ratio, C4S'/C4D’, obtained
from (C3)homonuclear decoupled spectra of those same
exiracts.

FIGS. 3A and 3B show a >C MRS spectra of an intact rat
heart perfused with 3 mM [1,2-'’Clacetate; FIG. 3B is
normal “>C spectrum illustrating the complex multiplets in
the glutamate C2, C4 and C3 resonances, and FIG. 3A is a
(C3)homonuclear decoupled spectrum showing how C2 and
C4 collapse into well resolved doublets.

FIGS. 4A and 4B are '°C MRS spectra of the same heart
as shown in FIG. 2 after adding an additional ~1.5 mM
[2-"°Clacetate to the perfusate. FIG. 4A is a normal spec-
trum. FIG. 4B is a C3 homonuclear decoupled spectrum.
Note that the singlet/doublet ratio (C4S/C4D") in the
glutamate C4 resonance in the decoupled spectrum (top)
directly reports the relative utilization of [2-°’C]Jacetate
versus [1,2-1°Clacetate.

FIGS. 5A, 5B, and 5C show plots of total glutamate C2
and C4 intensity versus time collected from a heart perfused
with 0.5 mM [1,2-**CJacetate, 1 mM [3-'3C]lactate, and 10
mM unenriched glucose. FIG. 5A shows continuous homo-
nuclear decoupling of glutamate C3. FIG. 5B shows calcu-
lated values of C4S’' (), C4D' (<), C28' () and C2D' (¢)
as a tunction of turns through the citric acid cycle pools
(upper right). FIG. SC is a tracing showing the
(C3)homonuclear decoupled spectrum of this heart of
steady-state. This spectrum represents the average of 800
scans collected over 16 minutes.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The invention is a rapid, efficient >C NMR method of
measuring substrate utilization under substantially in vivo
conditions in virtually any tissue which has an active citric
acid cycle. The method works with any substrate that
provides acetyl CoA for the citric acid cycle. In practice, one
or more >C-labeled substrates is administered and a single
NMR measurement is made within a short period- after
administration without the need to achieve metabolic or
isotopic steady state. Measurements are made on *°C mul-
tiplet resonances shortly after administration of one or more
labeled substrates. The spectrum is analyzed using a homo-
nuclear decoupling procedure that collapses multiple lines to
a baseline triplet. This allows measurement of substrate
utilization in vivo, as the inventors have demonstrated with
measurements made on intact, beating hearts.

The new methods do not require specialized apparatus for
performing labeling procedures. Studies with labeled sub-
strates may be performed under a wide variety of conditions.
In vitro studies by the inventors have shown that the
methods apply to numerous cells and tissues. Application to
virtually any tissue or cell by a practitioner with basic skills
in the art is possible once the conditions and analyses as
herein described are known.

An advantage of the present invention is that NMR
measurements may be made prior to attainment of a meta-
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bolic or isotopic steady state. More importantly, by applying
the decoupling methods developed by the inventors, sub-
strate utilization information taken from measurements in
intact, metabolizing tissue is now possible. Thus the meth-
ods of the present invention are applicable to i vivo
determinations of substrate utilization. Rapid determination
of metabolic aberrations and abnormalities 1S now possible;
for example, changes subsequent to injury or in diseases.

A typical and important use of the method 1s to assess
heart muscle metabolism. Heart metabolism has been stud-
ied in detail so that there is a large amount of information on
normal and abnormal heart function. Heart muscle utilizes

large amounts of substrate to supply its constant need for
energy production.

Significant metabolic changes occur after a heart attack.
Certain drugs interfere with fatty acid oxidation which may
have a beneficial effect on recovery. Whether or not such a
drug would be effective in vivo depends on suitable models
and methods for measuring substrate selection in the healthy
versus the damaged heart. Classically, the majority of meth-
ods to determine such differences have concentrated on the
measurement of substrate concentrations in the blood and/or
blood flow or imaging during the first few minutes after
damage to the heart occurs, typically employing radioactive
tracers. Quantitation of substrate selection requires a steady
state condition; therefore, measurements immediately after

damage has occurred are not performed. Moreover, for 1n
vivo human situations, the use of radioactive materniais 1s
clearly not in the best interest of the patient, being incon-
venient and may in fact in some cases be dangerous.

Other similar methods require prolonged administration
of labeled compounds. For example, infusion of *>C labeled
fatty acids alone requires at least 30 min. However, even this
study would provide little indication of the effect of a given
drug on a heart attack because several measurements would
have to be taken subsequent to the infusion. In direct
contrast, the method of the present invention employs only
a single spectrum after infusion, thereby requiring a minimal
amount of {ime to make a measurement in vivo; such
measurement being made over a relatively short period
while the subject is positioned in an NMR spectrometer.
Except for the procedures involved in obtaining a spectrum,
little training in working up the data is necessary, as data
analysis is straightforward. Thus an obvious advantage of
the new method is that a spectrum may be taken shortly afier
perfusion of labeled compounds. There is no assumption of
steady state. Infusion for prolonged periods is not required
and meaningful results on, i.e. , fatty acid oxidation may be
obtained. On the other hand, traditional approaches require
continuous infusion, information comes from the rate of **C
enrichment in product molecules, and spectral data must be
acquired from several spectra acquired periodically, typi-
cally every 5 to 10 minutes. This would be the case for
example in the methods described in Behar, et al (1986)
which employed time dependent measurements.

In typical practice of the invention, a suitable *°C labeled
substrate is administered to a subject, NMR measurement 18
taken and the NMR spectrum analyzed for isotopomer
enrichment. These fractional enrichments, the F_,. variables,
can be monitored at any time during isotopic equilibration
and during changes in intermediate pool sizes from the
olutamate C4 multiplet areas plus the C4/C3 ratio from a
single '°C spectrum. The equations which describe these
relationships are:

CAD34*(C4C3)=F , (1)

CAQ*CAICI)=F

(2)
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C4D34 is the area of the doublet (J;,=34 Hz) representing
those glutamate isotopomers with an enriched *C at both
C3 and C4 but not at C5 while C4Q is the area of the doublet
of doublets or quartet (combination of J;,=34 Hz and J;5_5,
Hz) representing those isotopomers with °C at C3, C4 and
C5. Both areas are reported as a fraction of the total C4
resonance area (combined areas of all multiplets=1, by
definition). F_, is the fraction of acetyl-CoA derived from
substrates which yield [2-'°Clacetyl-CoA and F_; is the
fraction of acetyl-CoA derived from substrates which yield
[1,2-*3CJacetyl-CoA. Thus, if one made available to tissue a
mixture of substrates which could only yield [2-'°Clacetyl-
CoA and {1,2-"?CJacetyl-CoA, F_, and F_; may be obtained
directly from the glutamate C4D34 and C4Q multiplet
contributions, providing these mulitiplets are well resolved.
The unlabeled substrate contribution to acetyl-CoA, F_,,
may either be determined by difference (F ,=1-F_,—F_) or
by measurement of the glutamate C3S' resonance area
(actually, the sum of C3S+C3D23) during [**’Clhomo-
nuclear decoupling of glutamate C2. Note that the above
parameters only provide a measure of relative flux of various
substrates into through the acetyl-CoA pool which enters the
citric acid cycle. Absolute flux of various substrates through
this oxidative pathway could be derived from these param-
eters only if total citric acid cycle flux was known from O,
consumption measurements or from other NMR measure-
ments as descrnibed above. |

The above relationships are independent of changing pool
sizes, anaplerosis, and alterations in isotopomer composition
of TCA cycle intermediates because of the unique relation-
ship between acetyl carbons of acetyl-CoA and glutamate
C4 and CS. Since acetyl-CoA condenses with oxaloacetate
to tom citrate on each turn of the citric acid cycle and citrate
carbons C4 and C5 are isotopically equivalent to glutamate
C4 and CS, respectively, the '°C isotopomer population of
the acetyl-CoA pool feeding the cycle is reported by the '°C
spectrum of glutamate C4 and C5 averaged over the period
of time necessary to collect the spectrum. If the size of one
or more citric acid cycle intermediate pools is changing or
if anaplerotic flux of other molecules (either labeled or
unlabeled) through a cycle intermediate is changing during
this measurement, this would be refiected as time dependent
changes in the total areas of glutamate C2, C3 and C4 and
in some of the multiplet components of those resonances but
not in relative multiplet areas of C4D34 versus C4Q. These
depend only upon relative entry of singly versus doubly
13C-enriched acetyl groups into the citric acid cycle on each
turn and hence are independent of pool sizes, anaplerosis, or
other steady-state requirements. The only requirement 1s that
the enough ‘°C must have entered the glutamate pool via
acetyl-CoA—citrate—isocitrate—o-ketoglutarate—>
glutamate to allow detection by °C MRS.

Based upon numerous isolated, perfused heart experi-
ents, a typical '°C linewidth, a protonated glutamate
carbon resonance in vivo would be no worse than about
12—15 Hz. This makes feasible a resolution of the glutamate
C2 and C4 three-line multiplets in a (C3)homonuclear
decoupled spectrum, thereby allowing a continuous mea-
surement of substrate utilization for any mixture of °C-
enriched substrates of interest. In cases where triplet reso-
nances are not adequately resolved in vivo, homonuclear
decoupling techniques have been applied to separate out the
singlet and doublet contributions to each three-line multip-
let. Hence, significant information about intermediary
metabolism in vivo by '°C magnetic resonance without
steady-state assumptions is now possible. Since the tech-
nique demonstrated here 1s easy to implement on any
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spectrometer, it 1s useful for monitoring temporal changes in
substrate selection which may accompany altered metabolic
events resulting from ischemia or administration of drugs.

The invention therefore may be employed for any tissue
or cell measurements in which steady-state metabolic or
1sotopic conditions have not been attained. The method
determines the sources of acetyl-CoA and assumes only that
acetyl-CoA has become enriched in carbon from a carbon-
labeled substrate.

It 1s an assumption of the method that oxaloacetate has
become enriched in '°C. The only oxaloacetate carbon
position relevant to the nonsteady-state analysis is the car-
bonyl carbon, C2, since this carbon becomes C3 of
glutamate after %2 turn of the citric acid cycle. C4 and C3 of
oxaloacetate become, respectively, C1 and C2 of glutamate
and are not involved in this analysis. C1 of oxaloacetate is
lost as CO, at the isocitrate dehydrogenase step. Because
relative enrichments in the acetyl-CoA pool are being exam-

ined, the absolute enrichment in the C2 of oxaloacetate need

not be known.

The theory of this method will be presented for moder-
ately complex conditions which produce three acetyl-CoA
isotopomers, for example, the use of [U-'>C]glucose and
[3-"*C}Jlactate. More complex conditions are described
below. The chance that an oxaloacetate molecule labeled in
the 2 carbon will condense with a given acetyl-CoA isoto-
pomer equals the relative concentration of that isotopomer in
the acetyl-CoA pool. Three different acetyl-CoA isoto-
pomers may occur under these illustrative conditions: unla-
beled acetyl-CoA from unlabeled sources, [2-'2>C]Jacetyl-
CoA from lactate, and [1,2-"°Clacetyl-CoA from glucose.
Their relative concentrations are defined as Fo Fo,andF _;,
respectively. Although glutamate has 32 possible isoto-
pomers, only 24 may occur under these conditions (since
there is no pathway for generation of [1-!*>CJacetyl-CoA).
Variables which indicate the relative concentrations of
glutamate isotopomers are:
X,=[[1,2,3,4,5-'*C]glutamate)/[glutamate)
X,=[[1-"°C]glutamate]/[glutamate]
X,=[[2-1°C]glutamate)/[ glutamate]
X,=[[1,2-"°Clglutamate]}/[glutamate)]
X=[[3-"°C]glutamate]/[glutamate]

X =[[1,3-"°Clglutamate]/[glutamate]

X =[[2,3-°Clglutamate]/[glutamate]
X¢=[[1,2,3-°Clglutamate]/[glutamate]

Similarly, X,-X, ¢ are identical to the first group, except that
carbon 4 (but not carbon 5) is enriched. Enrichment in
carbon 5 but not carbon 4 is represented by X,,—X. .., which
in this case are 0. Finally, X,,—X, refer to the same pattern
of labeling in carbons 1, 2 and 3, plus labeling in both

carbons 4 and 5. By definition, F ;+F ,+F_s=1, and X, +X,+
. .. +X3,=1. Six groups of glutamate isotopomers may be
defined as:

wl :Xl +X2+X3+X4
WZ=XS+X5+X?+XB
WE — Xg -+ Xlﬂ+ Xll + Xlz

(not labeled 1n C3, C4 or C5)
(labeled in C3 but not C4 or C5)
(no lableled in C3 or C5, labeled
in C4)

(labeled in C3 and C4, not
labeled in C5)

(not labeled in C3, labeled in C4
and C5)

(labeled in C3, C4 and C5)

W, =X3 + Xyt X5 + X
W5 — XZS -+ Xzﬁ‘i‘ XZT + ng

We = X9 + KXo+ X357 + X3,

The area of the 4 carbon resonance relative to the 3 carbon
resonance is defined as C4/C3=(W;+W +W +W )/(W, +
W, +We). The area of the components of the 4 carbon
multiplet are defined relative to the total area of the reso-
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nance (Chance, et al., 1983): singlet, C4S; doublet due to
J34, C4D34=W /(W+W +W_+W,); doublet due to J45,
C4D45; doublet of doublets (quartet), C4Q=W /(W +W ,+
Wo+W,).

F.o, F., and F_; are quantitatively related to W,, W,,, and
Wy, respectively. The chance that an oxaloacetate molecule
labeled in C2 will condense with unlabeled acetyl-CoA
equals F_. Therefore, F_o/(Fo+F ,+F_3)=W,/(W,+W ,+
We). Similar relations may be derived for F_, and F_,. By
combining these relationships, one obtains quite simply,

F_, Equation [1]

(CAONCAHCI=Wo/(Wort Wt Wo)=F 3 /(Foo=F .yt F 3)=

F.. Equation [2]

Therefore, by measuring two C4 multiplet components and
the C4/C3 ratio, one can obtain values for F_,, F . and by
difference, F_,, under any nonsteady-state circumstances.

In practice, B, field homogeneity may not be adequate to
resolve “C-°C coupling, however, under these circum-
stances, special pulse sequences may be employed. A J
modulated spin echo may be used to select the phase of each
multiplet in a resonance (LeCocq and Lallemand, 1981; Patt
and Shoolery, 1982) since the evolution of a spin system
under the influence of scalar coupling is not altered by B,
inhomogeneity. The pulse sequence 90°-1-180°-T acquire
(where 1=2J) was used to create a 180° phase difference
between the doublet (J;,=34 Hz) and the other lines in the
C3 and C4 resonance under conditions producing well
resolved or poorly resolved resonances. Two fully relaxed
spectra may be accumulated (preferably over the same time
period in separate regions of computer memory), using a
single pulse and a second using the spin-echo sequence. The
C4/C3 ratio is obtained from the first spectrum 7A and
C4D34 i1s obtained from the difference between the two
spectra, (C4D34=(A-B)/2A=0.5-B/2A, where A is the area
of the C4 resonance after a standard scan and B is the area
with a spin echo.)

This analysis may be extended to more complex substrate
combinations and metabolic conditions. [1-**CJacetyl-CoA

may be generated from a labeled compound provided to the
tissue such as [2-'°ClJlactate, or by >C flowing from oxalo-
acetate to phosphoenolpyruvate, pyruvate, and ultimately
acetyl-CoA. Under either circumstance the resulting
glutamate may become enriched in C5 but not C4. This
analysis (equations 1 and 2) would remain valid, but the
fraction of acetyl-CoA which is unlabeled (F ) could not be
distinguished from the fraction of acetyl-CoA enriched in
C1. The ratio F_,/F ; may be determined directly from the
multiplets in the '>C NMR resonance of the CS of glutamate:
F.,/F_s=C5S8/C5D, where C5S and C5D refer to the areas of
the singlet and doublet. However, appropriate experimental
conditions or corrections must be used to quantify the
>C-enrichment in glutamate C5 because of the effects of
'*C-1C dipolar interaction on T, (London, 1988; Walker, et
al., 1982; Chance, et al., 1983). Hence, the relative concen-
trations of all 4 acetyl-CoA isotopomers may be determined
in a single experiment.

The following examples are intended to illustrate specific
embodiments of the present invention, not to exhaustively
describe all possible embodiments. Those skilled in this field
will recognize that modifications could be made to the
disclosed methods and that other applications would remain
within the scope of the present invention.

Methods and materials employed in the practice of the
invention are set forth below.

Heart Perfusions. Male Spraque-Dawley rats weighing
300-350 g were anesthetized in an ether atmosphere and
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hearts were rapidly excised and placed in 4° C. arrest

medium, Hearts were perfused using standard Langendorfy

methods at a pressure of 70 cm of H,O by recirculating 125
mi of Krebs-Henseleit buffer. Typical coronary flow rates
were 15-18 ml/min. A modified Krebs-Henseleit perfusate
containing 119.2 mM NaCl, 4.7 mM CK1, 1.45 mM Ca(l,,
1.2 mM MgSQO,, 25 mM NaHCO,, and 10 mM glucose was
bubbled with 95% O,/5% CO,. Hearts were initially per-
tused with 10 mM glucose as the only exogenous substrate
and °C enriched substrates were added to the 125 ml
perfusion chamber irom a standardized stock solution. All
freeze-clamped hearts were extracted with cold perchloric
acid, neutralized with KOH, freeze-dnied, and dissolved in
0.5 ml of D,O for NMR analyses. Sodium [3-'°C]lactate
(99%, Isotec) and sodium [1,2-'*Clacetate (99%, MSD
Isotopes) were used without further purification.

NMR Methods. Proton-decoupled '°C spectra were
obtained at 125.7 MHz on a GN-500 spectrometer equipped
with a second broad-band decoupling channel. Intact heart
spectra were collected in a 18 mm thin-walled NMR tube
(Wilmad) with the heart bathed in perfusate, as previously
described (Schwaiger, et al., 19385). The temperature of the
heart was maintained at 37° C. by control of the circulation
perfusate temperature and by temperature controt of the air
surrounding the 13 NMR tube in the magnet using the
GE VT assessory. Typically, spectra were signal-averaged
over periods ranging from 5 to 20 minutes using a 45°
carbon pulse, a sweep width of £14,000 Hz, 16K data points,

and a 1 s delay between pulses. Efficient proton decoupling
was achieved using WALTZ decoupling at two power levels,

low during the I s delay and high during the short acquisition
period. Shimming was performed on the >C observe coil
after tuning to “°Na (132 MHz). A typical “°Na line width on
an intact heart sample was about 18-20 Hz. Spectra of heart
extracts were obtained in a 5 mm tube using a 45° carbon
pulse, 16K data points over £14,000 Hz, and a 6 s delay
between pulses. Broad band proton decoupling was
achieved using WALTZ decoupling at two power levels
(BILEV) and the temperature was maintained at 25° C. All
spectra were zero-filled to 32K points before Fourier trans-
formation. Homonuclear *°C decoupling was achieved using
single frequency decoupling generated by the spectrom-
cter’s F3 channel; the output oi this decoupler was passed
through a series of cross-diodes to filter out noise from the
broad-band amplifier and connecied to the observe coil
through a directional coupler (supplied by GE).

The relative areas of the multiplet components in each
glutamate resonance were measured and compared using
two deconvolution programs, GEMCAP (supplied with the
GE software) and NMR-286 (SoftPulse Software, Guelph,
Ontario, Canada). The first program (GEMCAP) is operator
dependent, requiring manual fitting of calculated versus
observed multiplets while the second (NMR-286) performs
a least square fitting of the multiplet areas, requiring only
identification of the number of resonances within each
resonance. Both fitting procedures gave identical multiplet
areas to within +2%.

Extract Spectra: The '°C spectrum of an extract of a heart
perfused to steady-state with a mixture of 10 mM unen-
riched glucose, 1 mM [3-'°C]lactate and 0.25 mM [1,2-*°C]
acetate is shown in FIG. 1A. This substrate mixture provides
mix of acetyl-CoA isotopomers to the heart; unenriched
acetyl-CoA (as measured by F_,), methyl-enriched acetyl-
CoA (as measured by F .,), and doubly enriched acetyl-CoA
(as measured by F_;). Although there is substaniial meta-
bolic information 1n this glutamate spectrum (Malloy, et al.,
1990), each resonance appears as a 5-9 line "°C multiplet
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and these would not be sufficiently resolved in an 1n vivo
spectrum to allow an isotopomer analysis. However, upon
selective homonuclear decoupling of glutamate C3 (FIG.
1B), the nine-line C2 and C4 resonances collapse into three
lines, with a 52 Hz separation between the outer lines
(representing J, , and J, 5, respectively). Simple inspection
of the diagram to the right of these spectra iliustrates that the
singlet in the [C3]homonuciear decoupled spectrum (desig-
nated as C4S' to distinguish 1t from the C4S 1n the non-
decoupled spectrum) reports the fraction of methyl-enriched
acetyl-CoA (F_,) derived from [3-"°Cllactate while C4D’
reports the f{raction of double-enriched acetyl-CoA (F_;)
derived from [1,2-°Clacetate. Thus, the ratio of lactate/
acetate utilized by this heart is directly reported by the
CAS'/C4D' ratio, equal to 0.22/0.78 or (.28 in this spectrum.
The spectral simplification provided by [C3lhomonuciear
decoupling does not preclude a more compiete steady-state
analysis of the decoupled spectrum. A summation of the
multiplet equations for C4S and C4D34 and for C28 and
C2D23 yields new steady-state equations representing C4S8,
C2S', and y in the [C3]homonuclear decoupled spectrum.

Jm

(C4/C2)=2y+1 (3)

CAS=F H(F +F_5) (4)

C2S={F oy Qy+ DIF ot F ) Q2 [(1-F o= F3t0)20+1)°] - (5)

Substitution of equation 3 into 5 yields two equations
containing two unknowns. A quick check of the validity of
these equations was performed as follows. First, the com-
puter program, tcaSIM, was used to generate multiplet areas
of glutamate C2, C3 and C4 at steady-state for various input
values of F_,, F ., and y. Values for C4S and C4D34 were
then summed to give C4S' and C2S and C2D23 were
summed to give C2S'. Equations 3-5 were then solved using
these data, giving the exact expected values of F_,, F 5, and
y. This confirmed the validity of equations 3-5.

There may be unanticipated consequences of *°C decou-
pling for quantitation of multiplet areas. Therefore, a series
of heart extract spectra were run with and without [(C3]
homonuclear decoupling. If decoupling of glutamate C3 was
efficient and technical difficulties such as power leakage are
avoided, the expected experimental values of C4S +(C4D34
and C4D45+C4Q in the coupled spectrum should equal C48
and C4D', respectively, in the (C3)homonuclear decoupled
spectrum. A plot of these multiplet area comparisons for six
different heart extracts covering a wide range of metabolic
parameters is shown in FIG. 2. This plot shows near perfect
agreement (slope=1) between the muitiplet resonance areas
in the coupled versus the decoupled spectra. Hence, dertva-
tion of metabolic parameters from spectra of heart extracts
(where resolution of the multiplets and signal-to-noise 1s not
limited) using either the complete steady-state analysis
(Malloy, et al., 1988; Malloy, et al., 1990) or the equations
presented above give 1dentical results.

In those instances where signal-to-noise is limited due to

sample size or time constrainis, homonuclear decoupling
appears to be advantageous because there 1s also a gain in
signal-to-noise resulting from collapse of the 5 to 9 line
multiplets into 3 line multiplets. The actual gain in signai-
to-noise depends upon the relative sizes of C4S versus
C4D34 and C4D45 versus C4Q in the coupled spectrum.
A summary of theoretical versus actual experimental
gains in signal-to-noise for four different extract spectra 1s
given in Table 2. These data show that the gain in signail-
to-noise resulting from homonuclear decoupling of
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glutamate C3 can be substantial (=130%) when the popu-
lation of glutamate isotopomers which contribute to either
C4D34 or C4Q is high.

EXAMPLE 1

This method illustrates analysis of a >C spectrum of an
intact, beating rat heart perfused with [1,2-**CJacetate.

Intact heart spectra: A typical *°C spectrum of a heart
perfused with 3 mM [1,2-'°CJacetate is shown in FIG. 3B.
The six-line C4 resonance resulting from overlap of the
C4D45 and C4Q multiplets (Malloy, et al., 1989) is not fully
resolved and the nine-line C2 resonance shows even less
detail. However, homonuclear decoupling of glutamate C3
simplifies both the C2 and C4 resonances into baseline
resolved doublets with the expected 52 Hz coupling con-
stants (FIG. 3A). The spectra in FIGS. 4A and 4B show this
same heart after addition of ~1.5 mM [2-!3CJacetate.

The C4 resonance in the absence of (C3)homonuclear
decoupling contains four multiplets (9 lines), making reso-
lution even more problematical. The decoupled spectrum
(top) shows the expected three lines, representing C4S' and
C4D'. The individual areas of these multiplets were easily
measured, giving a C4S5'/C4D'=0.45. This indicated that the
relative utilization of [2-°CJacetate versus [1,2-*CJacetate
was about 1:2, as expected for the relative concentrations of
these two substrates in the perfusate. When values for C28°
and the total C4/C2 ratio were included with the information
from C4S', absolute values of F_=0.26, F_,=0.57, and
y=().18 were derived from equations 3-5, values well within

the normal range expected for these parameters in acetate
perfused hearts (Malloy, et al., 1988; Malloy, et at., 1990).

A series of hearts presented with a mixture of competing
substrates, 1 mM [1,2-'°CJacetate and 3 mM [3-'*C]Jlactate,
were examined using the homonuclear decoupling technigue
outlined above as a function of time after addition of the *C
enriched materials to the perfusion chamber. A plot of the
total intensity of the C4 and C2 resonances (fractional >C
enrichment at each glutamate carbon position) averaged
over 3 minute intervals is shown in FIG. SA. The differential
times for half-maximal enrichment of C4 versus C2 provides
a measure of citric acid cycle flux (Weiss, et al., 1992, 1993).
Shown in FIG. 5B are the time dependent changes in C2S',
C2D’, C48" and C4D', calculated using tcaSIM. This shows
that C4S' and C4D' are time-independent parameters while
C2S§" and C2D’ evolve with time. This indicates that tem-
poral changes in C2S§' and C2D' could be used to monitor
citric acid cycle flux.

FIG. 3C shows a [C3]homonuclear decoupled spectrum
of this heart after reaching steady-state levels of '*C enrich-
ment in both C2 and C4. Analysis of spectra such as this
using equations 3-5 gave the following results (n=4): F..,=
0.2540.06, F_;=0.31+0.04, and y~0. This indicates that
[1,2-'*CJacetate contributed 31%, [3-!3C]lactate contrib-
uted 25%, and unenriched endogenous sources contributed
44% of the total acetyl-CoA entering the citric acid cycle in
these hearts, values that are identical to those measured
previously (Sherry, et al., 1992) from high resolution *>C
NMR spectra of extracts using both steady-state and non-
steady-state analyses.
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TABLE 2

Theoretical versus experimental gain in glutamate C4 resonance
signal-to-noise resulting from homonuclear
decoupling of the C3 resonance in four different
spectra of heart extracts.

C4S' C4D o
Theo- Ex- Ex-

retical  perimental perimental

C4S Gainin Gain in C4D45  Theorectical Gain in

C4D34  S/N S/N C4Q Gain in S/N S/N
2.94 34% 37% 3.04 17% 19%
1.36 74% 80% 1.14 44% 49%
1.05 95% 89% 0.99 50% 46%
090 110% 100% 0.37 137% 129%

While the methods and compositions of this invention
have been described in terms of preferred embodiments, it
will be apparent to those of skill in the art that variations may
be applied to the methods or compositions and in the steps
or sequence of steps of the methods described herein without
departing from the concept, spirit and scope of the invention.
More specifically, it will be apparent that the methods apply
to any metabolizing tissue or cell in which a labeled sub-
strate can be measured, whether by '°C NMR or by other
methods of determination and different labels. All such
similar substitutes apparent to those skilled in the art are
deemed to be within the spirit, scope and concept of the
invention as defined by the appended claims.
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What 1s claimed 1s:
1. A method of determining '°-C labeled substrate utili-
zation in an intact, metabolizing tissue or cell, comprising:

introducing °C-labeled substrate into a viable tissue or

cell wherein said substrate i1s metabolized to acetyl
Co-A;

ieasuring a >C glutamate enrichment pattern;

10

15

selectively homonuclear decoupling C3 glutamate reso-
nances to collapse glutamate C2 and C4 multiplets into

”0 a three line multiplet; and

determining relative areas of collapsed resonances to
obtain a measure of substrate utilization.

2. A method of determining *°-C labeled substrate utili-

zation in an intact, metabolizing tissue or cell, comprising:

introducing °C-labeled substrate into a viable tissue or
cell wherein said substrate is metabolized to acetyl
Co-A;

measuring a °C glutamate enrichment pattern prior to
attainment of metabolic or 1sotopic steady state;

25

30 selectively homonuclear decoupling C3 glutamate reso-
nances to collapse glutamate C2 and C4 multiplets into
a three line multiplet; and
determining relative areas of collapsed resonances to
35 obtain a measure of substrate utilization.

3. The method of claim 1 or clai
metabolizing tissue is heart.

4. The method of claim 1 or claim 2 wherein the intact,
metabolizing tissue is brain, liver, kidney, pancreas, lym-
phoid tissue, skeletal muscle or lung.

5. The method of claim 1 or claim 2 wherein the cell 1s a
prokaryote or eukaryofe.

6. The method of claim 1 or claim 2 wherein the cell is a
yeast cell.

7. The method of claim 1 or claim 2 wherein the °C
labeled substrate is [3-**CJlactate, [1,2-'°CJacetate or
[3-13C]Jlactate with [1,2-'°Clacetate.

8. The method of claim 1 or 2 wherein '°C spectra are
signal averaged over a time period sufficient to provide a
signal-to-noise ratio of about 3 to about 4.

9. The method of claim 1 or claim 2 wherein the homo-
nuclear decoupling 1s obtained by WALTZ decoupling at
two power levels, said power levels being low during a delay
period and high during an acquisition period.

10. The method of claim 1 or claim 2 wherein the
13C-labeled substrate is a carboxylic acid.

11. The method of claim 10 wherein the carboxylic acid
is acetate, propionate, butyrate, pentanoate, pentenoate, hex-
anoate, octanoate, decanoate, dodecanoate, tetradecanoate,

2 wherein the intact,

40
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35

60 hexadecanoate, octadecanoate, eicosanoate, palmitate,
palmitoleate, oleate, linoleate, linolenate, stearate or arachi-
donate.

12. The method of claim 1 or claim 2 wherein the
3C-labeled compound is lactate, pyruvate, glucose, fruc-

65 tose, acetoacetate, B-hydroxybutyrate or ethanol.
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